One of the most unique structural characteristics of carbon nanotubes (CNTs) differentiating from other carbon materials is their hollow nanochannles, which can be utilized for encapsulating and loading foreign matters. The anodic aluminum oxide (AAO) template technique enables the diameter, length, and cap structure control of the replicated CNTs, and thus shows advantages in pore structure control over the traditional CNT growth approaches. This review details the synthesis of CNTs with tunable diameter, length, wall thickness, and crystalline by using the AAO template method. The doping of heteroatoms and filling of foreign matters into AAO-CNTs are also addressed. Moreover, the main challenges and developing trends of the AAO template method are discussed.
Carbon nanotubes (CNTs) with unique structure and properties such as well-defined hollow interiors, inert surface properties, and resistance to acid and base environment have been proven to be excellent candidates as support in catalytic reactions [1] [2] [3] [4] [5] [6] [7] and energy storage and conversion medium [8] [9] [10] [11] . Structural parameters of CNTs such as inner diameter, wall thickness, length, crystallinity, and electronic structure have a great influence on the performance of the supported particles or loaded matters [12] [13] [14] [15] . Especially, the size of the CNT hollow core and electron density plays an important role in determining the property of the filled matters owing to the confinement effect and the difference in electron density between the exterior and interior CNT surface due to their different graphene curvature [14, 16] . Some new phenomena were reported for the materials confined in CNT nanochannels, which have never been observed for their bulk counterparts [17] [18] [19] . The physics and chemistry of materials confined within a one-dimensional nanochannel are receiving increasing research interest. To systematically investigate the function, and working mechanism of the one-dimensional space confinement effect, it is essential to synthesize CNTs with high purity and finely controlled structures, such as desired diameter, length, wall thickness, and electronic structure. However, it is difficult to synthesize pore-texture controllable and impurityfree CNTs using the conventional synthesis methods, such as chemical vapor deposition (CVD) [20] , laser ablation [21] , and arc discharge method [22] , due to the lack of understanding on the growth mechanism and corresponding controlled growth techniques. In addition, cutting and opening the cap of CNTs is usually necessary before filling process, which is complex and may introduce defects and contaminations into CNTs. Furthermore, it is very difficult to ensure a uniform length and opening rate of CNTs by using the above approaches. Another knotty problem is that some particles will unavoidably deposit on the outer surface rather than fill into the inner cavity of CNTs, which makes it difficult in investigating the confinement effect of CNTs due to the complex locations and states of the foreign matters. Although considerable efforts have been made [23] [24] [25] [26] [27] [28] , these above problems have not been well solved yet. On the other hand, template carbonization technique provides an alternative way for the precisely controlled synthesis of CNTs with desired diameter, opened cap, high purity, and selective filling of foreign matters inside the hollow cores.
The template carbonization method consists of carbonization of an organic gas or polymer in nanospace of an inorganic template and liberation of the deposited carbon from the template [29] . Anodic aluminum oxide (AAO) film is synthesized by the anodization of aluminum metal in acidic media. The AAO film has uniform and straight nanosize channels with a tailored length and diameter [30, 31] . Using these uniform and straight nanochannels of AAO film as a template, Kyotani et al. [32, 33] first prepared CNTs free of carbonaceous and metal impurity by the deposition of pyrolytic carbon onto the channels of the AAO film. The length, diameter and density of the as-synthesized CNTs can be uniformly tailored because of the controllability of the pore texture of AAO template [34] [35] [36] . Furthermore, the wall thickness and crystallinity of the CNTs can be controlled by adjusting CVD conditions, such as the composition and concentration of carbon source and the temperature and period of CVD process [33, 37, 38] . Another unique advantage of the template method is that it allows complete filling of foreign materials inside the hollow core of CNTs. The size, amount, and distribution of the filled matter can be controlled by tuning the filling parameters. In addition, the AAO template synthesis method makes it possible to selectively dope or chemically functionalize the inner or outer surface of CNTs. Owing to these unique characteristics, the CNTs prepared by AAO template method may find applications in biomedical or drug delivery [39] , small molecule delivery systems [40] , high density magnetic recording [41] , anode materials [42] , etc.
Although the CNTs synthesized by the AAO template method have many unique characteristics, it shows also some limitations such as high cost, wavy carbon layer structure, relative large diameter, etc.
In this article, we are to give a comprehensive overview on the synthesis of CNTs by the AAO template method. And the CNTs synthesized by AAO template method were denoted as "AAO-CNTs" hereafter. We focus on describing the controllability of the pore texture, heteroatom doping, and filling of foreign matters into the inner hollow core of CNTs by the AAO template method. The challenges and developing trends of the AAO template method are also discussed. The objective of this article is to show the effectiveness of preparing CNTs with specific structures by using the AAO template method, to present the efficient approach of filling foreign matters inside CNTs, and to stimulate innovative thoughts on the preparation and application of AAO-CNTs.
Preparation of AAO-CNTs
Template carbonization method represents a conceptually straightforward approach. In this method, the template simply serves as a structural framework within which carbon material can be generated by carbonization from precursors in situ and shaped into a nanostructure with its morphology dictated by the size and shape of the template scaffold [43] . For the synthesis of CNTs, porous AAO film is an ideal choice for templating, because of their parallel and straight channels, highly uniform distribution of cylindrical pores arranged in a hexagonal array, and tunable pore length, diameter and interpore distance. Furthermore, AAO films are thermally and mechanically stable, which makes their structure stable even at high carbonization temperature of 900C under inert gas atmosphere [44] . Therefore, controlled synthesis of CNTs using AAO as template has been widely investigated. The controlled preparation of AAO-CNTs will be elucidate in detail in the following section.
AAO template
The formation of an alumina film on aluminum surface is a well know process, which happens in air spontaneously. Highly ordered AAO films are obtained by anodically oxidizing aluminum plate in a strong acid electrolyte (such as sulfuric, oxalic, phosphoric and chromic acid solutions), in which a self-organized process occurs [44, 45] . The selforganized anodic porous alumina existed as a closely packed array of hexagonally arranged cells containing pores in each cell center (Figure 1 ). The highly ordered nanochannel structure is usually characterized by given parameters of uniform pore diameter, length and interpore distance. The pore diameter, which can be controlled by altering the anodizing conditions, are in the range of a few nanometers to hundreds of nanometers. Generally, the pore diameter is linearly proportional to the anodizing potential with a proportionality constant of approximately 1.29 nm V 1 [46] . It is also related to the current density, electrolyte temperature, and acid concentration [45] [46] [47] [48] . The depth (length) of the parallel AAO channels can be controlled in the range of 0.1300 m, which is mainly determined by the anodizing period. Due to the hexagonal symmetry of the cells, anodic porous alumina is a nanostructure with high packing density of 10 8
10
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pores per cm 2 [49] [50] [51] [52] . Therefore, the CNTs replicated from the AAO template are also highly ordered arrays with controllable diameters and lengths.
Another important morphological feature of AAO film is its wall thickness, which determines the intertube distance of templated CNTs. It is generally accepted that the wall thickness is linearly proportional to the forming potential of the steady-state growth of anodic porous alumina, while it is also related to the electrolyte temperature, acid concentration and acid type used. And the wall thickness of AAO film is popularly in the range of 10350 nm, in consequence the intertube distance of AAO-CNTs would be larger than that of the CNT arrays synthesized by conventional methods [53, 54] .
In general, the formed AAO film remains attached to the Al substrate, with one end of the nanochannels open and the other closed by an oxide barrier layer (Figure 2(a) ). The barrier layer can be further detached from the Al base to obtain free standing AAO film as shown in Figure 2 (b). There are mainly three methods for separating the AAO film from remaining Al substrate. One way is to use an electrochemical detachment method, where a reverse voltage is applied [33, 55] . The second is to perform electrochemical etching in 20% HCl with an operating potential of 15 V [56] . The third and also the most frequently used method is to employ a wet chemical process, in which the unoxidized aluminum substrate is dissolved by immersing an anodized sample into a saturated solution of HgCl 2 , CuCl 2 , CuSO 4 , CuCl 2 /HCl, etc. [57] [58] [59] [60] . The barrier layer can also be removed to obtain two side open AAO film as shown in Figure 2 (c). Chemical etching is often used to dissolve the barrier layer, for example by immersing into a H 3 PO 4 solution, and the opening time depends directly on the barrier layer thickness [61, 62] . However, pore-widening often occurs due to the difficulty in precisely control the degree of barrier layer etching. Xu et al. [63] demonstrated that Ar + ion milling at grazing incidence could open the nanopores from the "closed side" in a controlled manner. Recently, a new technique was developed to simultaneously remove Al substrate and barrier layer using a short time electrical oxidation with voltage pulse of about 5 V higher than that for anodic oxidation in a solution of HClO 4 and (CH 3 CO) 2 [64, 65] . After this process, free standing and through-hole AAO can be obtained immediately, and there is no damage to the channels of the AAO film.
Therefore, the length, diameter, and cap structure of the channels of AAO template can be easily tuned, which facilitates the structure controlled preparation of CNTs when using AAO as a template.
Synthesis of CNTs by the AAO template method
The process of preparing CNTs using AAO as template is illustrated in Figure 3 . A carbon layer is first deposited onto the AAO film, then the template is removed and freestanding CNT arrays are obtained. There are two approaches to deposit carbon onto the nanochannel surface of AAO template. One is to carbonize organic polymer (such as furfural alcohol and acrylonitrile) that was filled into the nanochannels of AAO using impregnation method [33, 66, 67] . The second is to deposit pyrolytic carbon from gaseous hydrocarbons (acetylene, propylene, acetonitrile, etc), which is much easier and widely used now [32, [68] [69] [70] [71] [72] [73] . Typically, a gaseous carbon source is decomposed within a hot-wall tubular reactor in which the AAO film is preset. The thermal decomposition of gaseous carbon source results in the uniform deposition of carbon layers onto the surface of the nanochannels in the AAO film. After a suitable period of time, the reactor is cooled down to room temperature and the AAO template is removed by immersing in NaOH or HF acid solution. Following the above preparation process, the length, outer diameter, cap structure (close or open), and intertube distance of the obtained CNTs are well replicated from the AAO nanochannel structure. The wall thickness can be tuned to some extent by controlling the CVD conditions. And the CNTs obtained are catalyst free and carbonaceous impurity free. At the same time, it is much easier to selectively fill foreign materials into the AAO-CNTs due to their open end and unique preparation procedure.
(1) Length control of AAO-CNTs. The length of AAOCNTs is determined by the nanochannel length of AAO template, i.e. the thickness of AAO films, which can be controlled by tuning the anodizing time. We thus prepared AAO-CNTs with lengths of 60, 5, and 0.2 m, and their SEM images are shown in Figure 4 can be seen that the CNTs assemble to densely packed arrays, and the lengths of the CNTs are rather uniform. The length of AAO-CNTs can be as long as 300 m. The preparation of the anodic alumina film is a result of equilibrium between the formation and dissolution of aluminum oxide [74, 75] . In general, the dissolution rate of oxide is lower than the formation process of the oxide. This makes the pore sizes of the AAO film at two ends are not strictly same, especially when the channels are very long. Therefore, the length of AAO-CNTs reported by now is generally shorter than 100 m. And the shortest AAO-CNTs reported are about 0.5 m [76] . The difficulty in getting even shorter AAO-CNTs lies in the controlled preparation of very thin and free standing AAO films. In addition, before the removal of AAO template by acid or alkali immersion, the carbon layer coated on the upper surface of the film needs to be removed by an oxygen plasma irradiation treatment. When the AAO film is very thin, the carbon coated onto the surface of nanochannels would be partially etched away during the oxygen plasma irradiation treatment, which results in un-uniformity of the obtained AAO-CNTs.
(2) Diameter control of AAO-CNTs. Both the outer diameter and inner diameter of AAO CNTs can be tuned. The outer diameter of AAO-CNTs equals to the channel diameter of the AAO template. By selecting anodizing voltage at different electrolytes during the anodizing process, AAO films with different pore sizes can be obtained. For example, H 3 PO 4 , C 2 H 2 O 4 , and H 2 SO 4 electrolytes produce AAO films with pore sizes of 150-300 nm, 30-70 nm, and below 20 nm, respectively [68, 77] . Now, AAO films with a uniform and adjustable channel sizes of 20-200 nm can be reproducibly synthesized [78] . As a result, AAOCNTs with outer diameters ranging from 20 to 200 nm can be easily prepared [46, 47, [79] [80] [81] . AAO film with channel size smaller than 20 nm can also be synthesized by selecting low voltage or in dilute sulfuric acid at low temperature (near 0°C) [76, 82] . SEM images of the AAO-CNTs with outer diameters of 100, 30, and 10 nm are shown in Figure 5 . It can be seen that the outer diameters of the CNT samples are rather uniform, which is an important characteristics of AAO-CNTs.
The inner diameter of AAO-CNTs can be controlled using two methods. One way is to adjust the CVD conditions. For example, by increasing the CVD time, the wall thickness of CNTs with given outer diameter can be increased, and their inner diameter will be decreased. The CNTs synthesized by this way have same outer diameter and tunable wall thickness and inner diameter (as shown in Figure 6 ). Since the outer diameter of AAO-CNTs can be as large as 300 nm [68, 77] , their inner diameter can be tuned in a wide range of several nm to nearly 300 nm. The other approach is to select AAO films with different channel sizes as template. The CNTs thus synthesized may have varied outer and inner diameters in a wide range. However, it is still difficult to obtain AAO-CNTs with an inner diameter smaller than 4 nm, possibly due to the difficulty in the diffusion of carbon source in very tiny channels.
A unique characteristic of the AAO-CNTs is their uniformity in both outer and inner diameters. This uniformity can be characterized by either direct TEM observation or by pore size distribution measured from cryo-N 2 adsorption/ desorption technique. As shown in Figure 7 adsorption isotherm based on BJH theory are shown in Figure  7 (b). It can be seen that the pore size of the AAO template is narrowly distributed and centered at ~20 nm, which roughly equals to the outer diameter of the AAO-CNTs shown in Figure 7 (a). The pore size, i.e. the inner diameter of the AAO-CNTs is centered at ~15 nm. Therefore, the outer and inner diameters of the AAO-CNTs obtained from microscopic TEM observation and statistical cryo-nitrogen adsorption characterization are in good agreement.
(3) Cap control of AAO-CNTs. The CNTs synthesized by conventional methods of arc discharge, laser ablation, and CVD [83] [84] [85] are usually cap-closed. Because the nanochannels of AAO films can be either one-side open or both-side open [30, 31, 86] , the cap structure of AAO-CNTs can be controlled with good uniformity by selecting different types of AAO templates [33, 38] . [87] [88] [89] [90] [91] . Li et al. [87] first synthesized well aligned Y-junction CNTs using an AAO film with Y-branched nanochannels as template. Meng et al. [88, 89] reported a method for preparing AAO template with a hierarchically branched structure (as shown in Figure 9 ). After the initial anodization to form the stem pores, the anodizing voltage was reduced by a factor of 1 n , transforming a linear pore into a multiply branched pore. By sequentially decreasing the voltage by a factor of 1 m , the authors generate the second-generation multibranched pores growing from each of the first-generation multibranched pores. The number, frequency, diameter and length of the branches were controlled through the voltage and duration of anodizing. It is predicted that the CNTs with Y shape and multiple branches yield a wealth of new architectures and could be used to design nanoscale biomaterials and electronic circuits [89] .
Hetero atom doping of the AAO-CNTs
The CNTs consisting of pure carbon are non-polar, which limits their applications to some extent. The introduction of hereroatoms such as N or B endows CNTs with polar nature, and their physico-chemical properties would thus be different from those of pure CNTs. At the same time, doping of heteroatoms into graphene layers constituting CNTs is believed to be another way to effectively adjust their electronic conductance characteristics [92] . In general, it is difficult to precisely control the doping of hetero atoms into CNTs by conventional preparation techniques [93] . In addition, the N-doped multi-walled CNTs (MWCNTs) are usually bamboo-shaped, which makes it impossible to fill foreign matters into the hollow core of the N-doped CNTs [94, 95] . Compared with the conventional synthesis methods [95] [96] [97] , the AAO template approach shows unique advantage for hetero atom doping in CNTs [93, [98] [99] [100] [101] . The heteroatoms can be selectively doped at the inner or outer surface of CNTs, which is very useful in many applications requiring different polar nature and chemical or physical reaction activity, such as bioseparations and catalyst supports [14, 39] . This unique advantage originates from the synthesis procedure of AAO-CNTs. The selective doping at the inner surface of AAO-CNTs is performed before the removal of the AAO template. Because the outer surface of the CNTs is embedded in the nanochannels of AAO template, the hetero dopant atoms are accessible only to the inner surface of the CNTs, thus the doping occurs only at the inner surface. The selective doping at the outer surface of CNTs is usually performed during the deposition of carbon onto the surface of the AAO template. Precursors containing carbon and hetero atoms are introduced simultaneously and then deposited onto the surface of the nanochannels, thus yielding outer surface doped CNTs. N and B are the most widely used hetero atoms for the doping of CNTs [102] [103] [104] [105] .
The process for preparing N-doped AAO-CNTs is schematically shown in Figure 10 . Basically, three kinds of Ndoped AAO-CNTs can be obtained. The first is uniformly N-doped CNTs, which is prepared by simultaneously carbon and nitrogen deposition onto the surface of AAO nanochannels using a N-containing organic compound as C/N source. The second is CNTs with N doped at the outer surface. In this case, a two-step CVD process is employed. A layer of N-doped carbon is first deposited by using a Ncontaining carbon source; then, the CVD of a pure carbon source yields the inner carbon layer. After removing the AAO template, CNTs with N selectively doped at the outer carbon layers are obtained. The third is CNTs with N selectively doped at the inner carbon layers, which is also obtained by a two-step CVD process, i.e. a pure carbon layer is firstly deposited and then the deposition of N-doped carbon layer. The amount of doped nitrogen can be tuned in the range of N/C atomic ratio < 0.1 [98] [99] [100] [101] . A unique feature of the N-doped CNTs synthesized by the AAO template method is that their hollow cores are empty, which is quite different from the bamboo-like structures of the N-doped CNTs by the conventional synthesis methods [95, [106] [107] [108] . And such N-doped AAO-CNTs show advantage in the filling of foreign matters. Furthermore, the N-doping can be rather uniform for the AAO-CNTs. Figure 11 (a) shows the SEM image of a N-doped CNT sample prepared by the AAO template method using a Ncontaining organic compound as carbon source. The CNTs obtained are in form of well-aligned arrays. The length of the bundles is about 40 m, exactly the same as the thickness of the AAO film template used. TEM observation ( Figure 11(b) ) confirms that the outer diameter of the CNTs is about 20 nm, which exactly replicates the internal diameter of the nanochannels of the AAO film. Moreover, it can be seen that the tube wall thickness is uniform along the tube axial direction, which implies that the deposition of carbon/nitrogen into the nanochannels of AAO template is uniform and continuous.
A SEM image of N-doped CNT array is shown in Figure  12 (a), and the elemental distribution along the CNT axis direction is shown in Figure 12 (b). It can be seen that the atomic percentage of N along the CNT axial direction is roughly a constant, which verifies the uniformity of the Ndoping. X-ray photoelectron spectroscopy analysis further confirms the successful doping of nitrogen in the CNTs, the spectra of N1s and C1s are shown in Figure 13 (a) and (b), respectively. The N/C atomic ratio is calculated to be 0.09, which is very high compared to the reported N-doped CNTs. The carbon layer of AAO-CNTs usually contain more structural defects (e.g. dangling and distorted bonds and functional groups) than for the CNTs by conventional techniques, which makes it easier for the doping of hetero atoms. In the N1s spectrum, the CNT exhibits a main peak at 401 eV together with a small shoulder peak at 398 eV. The appearance of these two peaks suggests the presence of quaternary and pyridine-type nitrogen species, respectively. A peak centered at around 285 eV is observed in the C1s spectrum, which can be attributed to the sp 2 carbon atoms of the carbon skeleton.
Therefore, N can be easily doped into the carbon skeleton of AAO-CNTs, and the uniformly doped nitrogen mainly exists as quaternary and pyridine type. The N-doped AAOCNTs have empty hollow cores rather than bamboo-like structure, which facilitate the filling of foreign matters inside their hollow cores.
Different from the controllable doping site for nitrogen, boron can be only doped at the inner surface of AAO-CNTs, because it is very difficult to co-deposit carbon and boron onto the surface of AAO nanochannels. However, once a layer of pure carbon or N-doped carbon has been firstly deposited onto the surface of AAO nanochannels, B-containing carbon layers can be easily further deposited. Therefore, two types of B-doped CNTs can be obtained. Type one is CNTs with pure carbon outer layer and B-doped carbon inner layer. Type two is CNTs with N-doped carbon outer layer and B-doped carbon inner layer. The content of doped boron can be controlled in the B/C atomic ratio range of 0-0.07 [99] . Similar with N-doping, the high content Bdoping can be attributed to the defects-rich tube wall of the AAO-CNTs.
TEM images of a N-doped CNT and a coaxial N, Bdoped CNT are shown in Figure 14 . These two types of CNTs were synthesized by one-step and two-step CVD process, respectively. It is apparent that both of the CNTs have uniform carbon layers (N-doped CNT: 1.5 nm; N, Bdoped CNT: 5.0 nm). In other words, the N, B-CNTs have coaxial carbon layers, the outer layers (1.5 nm of thickness, about 4 graphene sheets) and the inner layers (3.5 nm, about 10 graphene sheets) were prepared by the first and second step of CVD, respectively. HRTEM image (the inset of Figure 14 (b)) reveals that there is no visible difference between the outer and inner layers prepared by the different CVD steps (4N-doped and 10B-doped layers are roughly distinguished from each other by the dotted line). The surface composition of inner and outer layers of the N, Bdoped CNTs was characterized using XPS. Generally, an XPS spectrum mainly reflects the information of the outer layer of the measured specimen, and it is difficult to detect its inner layer. However, in the case of AAO-CNTs, the characteristics of their inner surface (inner layer) can be estimated from the analyses of the external surface (upper layer) of the corresponding carbon-coated AAO [101] . The XPS spectrum of the carbon-coated AAO film are regarded as that of the inner surface (inner layer) of the resulting nanotubes, which is also a unique characteristic of AAOCNTs. The XPS spectra of inner and outer layer of the N, B-doped CNTs are shown in Figure 15 . It can be seen that carbon-coated AAO (inner layer of resulting NB-CNTs) are characterized by a large B1s peak without any N1s peaks, while the resulting nanotubes, N, B-doped CNTs, possess a sound N1s peak with a very small B1s peak. It is thus easy to conclude that the N, B-doped CNTs have coaxial sidewall structure of outer N-doped (N/C atomic ratio: 0.025) and inner B-doped layers (B/C: 0.040).
Filling of AAO-CNTs
CNTs have unique tubular structure and nanoscale hollow cores. The diameter of the nanochannels can be tuned in the range of 1-100 nm, and the length of the CNTs is also controllable. Therefore, CNTs provide nanoscale space for loading foreign matters inside their hollow cores. The filled materials may show intriguing properties [43, 109, 110] due to the space confinement effect and the interactions with the surrounded carbon layers. On the other hand, the nanochannel of CNTs provides ideal delivery vehicles for the payloads of biomolecules, drugs, DNA, and metals [39] . Furthermore, the hollow core of CNTs can also act as an ideal nanoreactor for gas or liquid reactions [11] .
Many studies concerning the opening, cutting, and filling of the CNTs synthesized using conventional synthesis method have been conducted [111] [112] [113] [114] [115] . A knotty problem is that foreign maters may deposit onto the outer surface of CNTs during the filling procedure by using either incipient wetness impregnation method or sublimation method [116, 117] . Therefore, the removal of foreign materials from the outer surface of CNTs is required. On the other hand, a complete filling of foreign matters inside the hollow core of CNTs can be achieved by using the AAO template method. This unique advantage originates from the preparation and filling process of the AAO-CNTs.
The flow chart of filling foreign matters into AAO-CNTs is shown in Figure 16 . The AAO-CNTs used can be either one-side open or both-side open. Foreign matters can be loaded into the carbon-deposited AAO template by using incipient wetness impregnation [40, 42, [118] [119] [120] [121] , sublimation [122] [123] [124] [125] [126] [127] , or electrodeposition method [41, 109, [128] [129] [130] [131] . Since only the inner surface of the AAO-CNTs is exposed, the foreign matters would be selectively filled inside the hollow cores of CNTs. After the filling, the AAO template is dissolved by immersing it in NaOH or aicd aqueous solution. As a result, CNTs with foreign matters selectively filled inside the hollow cores are obtained. The main techniques used for the filling of AAO-CNTs, i.e. incipient wetness impregnation, sublimation, and electrodeposition will be introduced as follows.
Wetness impregnation technique
Wetness impregnation is a commonly used method for filling foreign matters into the hollow core of CNTs [132] . The precursor used in the wetness impregnation method is usually a soluble salt that contains the element intended to fill. After the impregnation of the salt solution, reduction or oxidation process are often used. Kyotani et al. [120, 121] first reported the filling of Pt and Ag into AAO-CNTs. Later, Che et al. [42] realized the filling of Pt/Ru nanoparticles. Gogotsi et al. directly filled CuO particles with a diameter of ~5 nm into the cavity of AAO-CNTs with an outer diameter of 200 nm [119] . We will next give an example of the filling of Fe 2 O 3 nanoparticles into the hollow core of AAOCNTs by using the incipient wetness impregnation technique, where the selectivity, homogeneity, and controllability of the filling are clearly shown [118] . Only carbon and oxygen can be detected in the pristine sample. However, iron signal is clearly seen for the filled CNTs.
TEM observations show (Figure 18 (a) and (b)) that the Fe 2 O 3 nano-particles are homogeneously filled in the CNTs, and there is not any impurity attached on the outer surface of the CNTs. The filled Fe 2 O 3 particles are uniform in size with a mean diameter of ~9 nm. The diameters of around 100 Fe 2 O 3 particles were measured and the resultant histogram of the particle size distribution is plotted in Figure  18 (c). It can be seen that the diameters of the nanoparticles range from 4 to 14 nm with a mean value of 9.3 nm. In addition, the filling ratio of the Fe 2 O 3 nanoparticles can be easily controlled by changing the concentration of iron nitrate solution used during the filling process. When the concentration of iron nitrate solution increased from 2 wt% to 25 wt%, the Fe 2 O 3 contents are increased from 33 wt% to 60 wt%. At the same time, the homogeneity of the filled Fe 2 O 3 particles can be well retained.
Sublimation method
Sublimation of a metal, metal precursor, or metal oxide precursor are also used to load foreign matters into the cavity of CNTs [122] [123] [124] . Basically, all foreign matters that can be sublimated at low temperature are adaptable to this technique. However, the material filled into the AAO-CNTs should be stable during the subsequent removal of AAO template.
Iron oxide particle was reported to be filled into the cavity of AAO-CNTs using a metal-organic chemical vapor deposition (MOCVD) technique [125, 126] . The iron precursor used is ferrocene, and the filling process includes the vaporization of ferrocene and Fe chemical vapor deposition. First, ferrocene was vaporized at low temperature (90 or 105°C). Then, the vapor was introduced into the carbon coated AAO film to deposit Fe into the nanochannels. After the MOCVD process, the film was treated with NaOH solution to remove the anodic aluminum oxide template. As a result, CNTs filled with metal oxide nanoparticles were obtained as an insoluble fraction. Furthermore, the filling amount and particle size can be controlled by changing the MOCVD conditions. It is worthy to note that the conversion of iron to iron oxide takes place when the Fe/C/AAO is exposed to air and during the removal of the AAO template, because of the high reactivity of the nanometer sized iron paticles. By using the MOCVD technique, nickel nanowires with a diameter of 4 nm were also filled into the cavity of CNTs with an inner diameter of 20 nm using cobaltocene as precursor [127] . Therefore, nanowires and nanoparticles can be selectively filled in CNTs using the sublimation method.
Electrodeposition
Metal/metal alloy can also be filled into the nanochannels of AAO-CNTs using a conventional electrodeposition technique. When an electric field is applied, metal ions in the electrolyte solution migrate and are deposited onto an electrode by passing a current through an electrochemical cell. Therefore, metals can be filled into the cavity of AAOCNTs by using the electrodeposition method under a direct current [41, 128, 129] or alternating current [106] . In general, a layer of Au is first deposited on the surface of a both-side open AAO film using ion sputtering technique. Then, metal foreigner can be deposited into the hollow core of AAOCNTs by using the pre-deposited Au layer and graphite plate as working-electrode and counter-electrode, respectively. However, it is rather difficult to handle during the electrodepositon process owing to the fragile property of AAO films. Even though using the AAO film together with the Al support as an electrode can overcome this problem, the barrier layer existing at the pore bottom makes the AAO pores have a closed end which insulates it from the Al substrate.
Wang et al. [41] first filled Permalloy into a one-endopened CNT embedded in an AAO film connected with Al substrate. In spite of the conductive outer carbon film, it was unambiguously demonstrated that the Permalloy filling started from the pore bottoms of CNTs. In addition, the filled materials can be in forms of either particles or rods (Figure 19 ). This breakthrough is mainly originated from high minus voltage, mild oxidation in H 2 O 2 , and thin barrier layer owing to the process of widening nanochannels. This novel bottom-up filling opens a route to controllable filling of materials of interest into CNTs with one open end. Recently, aligned Ni nanoparticles array are also reported to be encapsulated in the channel of AAO-CNT using alternating current by decreasing the thickness of the barrier layer [106] . At the same time, magnetic metal or alloy filled in the cavity of CNTs is responsive to magnetic field even after a long-term storage in water. Furthermore, the metal-filled CNTs can be water dispersible after a H 2 O 2 treatment [128] .
In general, filling foreign matters into the hollow core of AAO-CNTs takes place after the deposition of carbon layer onto AAO film. Recently, we altered the experimental order, and Pt-filled CNTs were obtained [133] . In a typical experiment, approximately 200 nm thick Ag layer was deposited onto the obtained AAO film as a conductive layer by sputtering. Pt nanowires were then electrodeposited into the nano-channels of the AAO template by three-electrode direct current electro-deposition in an electrolyte containing H 2 PtCl 6 and boric acid. After the electro-deposition of Pt into the nano-channels of the AAO template, the as-obtained sample was placed in a vertical quartz furnace for chemical vapor deposition of carbon. The resulted materials were immersed into a 5 mol/L NaOH aqueous solution to remove the AAO template. Finally, Pt-filled CNTs were obtained as shown in Figure 20 . We design and fabricate CNT-clamped Pt atomic chains (as shown in Figure 21 ), which can provide a general approach for the interconnection and integration of metal atomic chains with CNTs. The strategy we proposed is effective in fabricating a variety of metal atomic chains and in situ connecting these metal atomic chains with CNTs, thus it may find potential applications in the assembly of nano/subnano devices.
In summary, the filling of foreign matters into AAOCNTs can be achieved by using wetness impregnation, sublimation and electrodeposition techniques. Compared with the cut and opened CNTs synthesized by conventional methods, an obvious advantage of the AAO-CNTs is that 100% filling of foreign matters inside the cavity of CNTs can be easily achieved, and the content, morphology, and homogeneity of the filled materials can be well controlled.
Challenge and developing trends of AAO-CNTs
As described above, the AAO-CNTs have many unique advantages in controllability, uniformity, heteroatom doping, and filling foreign matters. However, there are also shortcomings for the AAO-CNTs, which may limit their further development, such as low crystallinity, high cost, and inaccessibility of small diameter CNTs.
Poor crystallinity of AAO-CNTs
The carbon layers of AAO-CNTs are usually wavy and discontinuous (Figure 22(a) ), when compared with the CNTs synthesized by conventional method (Figure 22(b) ) [134] . To improve the crystallinity of AAO-CNTs, performing CVD process at higher temperatures is a generally used method [99] . It was found that the crystallinity can be improved when the CVD temperature was increased from 500 to 800C, but no obvious difference was observed when the temperature was further improved to 1000C [135] .
An alternative method is to perform heat treatment or graphitization treatment after the AAO-CNTs are liberated from AAO template. Beguin et al. [136, 137] first investigated the effect of heat treatment on the structure of AAOCNTs. They reported that the crystalline structure of the AAO-CNTs could be improved by annealing at elevated temperatures between 1600 and 2400C under argon atmosphere. Especially, remarkable changes on the morphology and development of a highly crystalline structure were observed for the CNTs annealed at 2400C. However, the high temperature treatment usually creates some impurities of carbon fragments, which are not desired.
We performed heat-treatment of AAO-CNTs at 1450C. It can be seen that the crystallinity of the CNTs is improved (Figure 23(a) ). The Raman spectra of a CVD-CNT sample and the AAO-CNTs before and after 1450C treatment are shown in Figure 23 (b). We can see that the G/D intensity ratio of the heat-treated AAO-CNTs is obviously increased and turns similar to that of CVD-CNTs. Thermal analysis of the AAO-CNTs before and after heat treatment was performed in air atmosphere (Figure 23(c) ). It was found that the starting oxidation temperature is increased from ~300 to ~550C after the heat treatment. XPS and cryo-nitrogen adsorption characterizations (Table 1) suggested that, the oxygen content and BET surface area of the heat treated AAO-CNTs are decreased, and their pore size is slightly increased. Therefore, the crystallinity of the AAO-CNT can be improved through high temperature treatments, during which, oxygen-containing functional groups can be removed, structural defects are healed, and the carbon layers turn more straight and regular.
Although heat treatment is feasible and effective in improving the crystallinity of AAO-CNTs, there are also limitations for this approach. For example, it can not be applied to foreign matters-filled AAO-CNTs, because the filled matters may be vaporized due to the high temperature. In addition, the heat treatment may also introduce some undesired carbon fragments and hence lead to a degraded property of the AAO-CNTs. There are also some woks on the growth of CNTs from metal catalyst pre-deposited into the channels of AAO film [138] [139] [140] [141] [142] . CNTs thus obtained have good crystallinity. However, the deposition process is complex, and the uniformatin of the CNTs can not be ensured. Therefore, it is highly desired to establish appropriate approach and conditions for synthesizing high quality AAOCNTs directly.
Obtaining AAO-CNTs with smaller diameter
The smallest outer diameter of AAO-CNTs was reported to be ~10 nm [76] . Even smaller CNTs are required for some applications such as filter membrane, catalyst supports, and electronic devices. In addition, the CNTs with smaller diameters are more attractable for investigating their confinement effect [10, 12, 13, 143] .
To obtain AAO-CNTs with smaller outer diameter, the key issue is to prepare AAO template with smaller nanochannel size. The smallest pores formed by conventional anodizing have a diameter of ~7 nm [144] . Recently, Inada et al. [145] developed a novel anodizing technique which employed a pulse sequential voltage with a frequency of 100 Hz. Low anodizing potentials (below 3 V) were used, and the linear dependence between pore diameter and voltage does not exist in this case. However, pores with diameters of 3 and 4 nm can be successfully formed at pulse sequential voltages of 1 and 2 V, respectively.
Although some progresses have been made, systematic studies are still needed to develop efficient techniques and to elucidate the principle for preparing AAO template with small diameters, which is a precondition to obtain small diameter, or even single-walled AAO-CNTs.
High cost and low synthesis efficiency
An obvious limitation of the AAO template method is the low synthesis efficiency. The preparation of the AAO-template and followed CVD of carbon deposition and removal of AAO template are complex and time-consuming [146] . The above procedure determines that the yield of AAOCNTs is limited, and the low utilization efficiency of the AAO template increases the cost of AAO-CNTs. Therefore, it seems not possible that the AAO-template technique can be used for mass production of CNTs. However, due to their unique preparation procedure and structural characteristics, the AAO-CNTs can be ideal model material for investigating novel physical and chemical properties of filled maters that originate from the confinement effect of CNTs. And some specific applications requiring precise structural control of CNTs can also be expected for the AAO-CNTs.
Other limitations
As described above, the AAO-CNTs can be either one side open or both-side open. While it is difficult to synthesize two-side close AAO-CNTs. Beguin et al. [137] reported that the open tips of AAO-CNTs can be closed after high temperature treatment. However, this process is not applicable for the heteroatom doped and foreign matters filled CNTs. The length of CNTs is also an important factor influencing their properties. Orikasa et al. [76] reported that carbon nano test tubes (one side open CNTs) with lengths of 5 m or less were soluble in water without further modification. More importantly, short length CNTs are preferred in some practical applications, such as catalyst supports [143] , biological imaging [146] , molecular sensing [147] , etc. It is easy to obtain short nano test tubes using AAO template method, and the shortest one is ~200 nm. However, it is difficult to obtain short AAO-CNTs with good crystallinity owing to the bottlenecks on obtaining free-standing AAO template with thin thickness. Therefore, to realize the precise control over the diameter, cap-structure, and length of AAO-CNTs, it is important to develop efficient techniques that enable the preparation of AAO-template with desired structures.
Conclusions
AAO template method is very useful for the preparation of CNTs with specific and controllable shape, length, diameter, and wall thickness. Selective heteroatom doping at the outer or inner carbon layers of CNTs can also be realized for AAO-CNTs. In addition, with the aid of the AAO template, 100% filling of foreign matters into the hollow core of CNTs can be easily achieved. Except for the above unique characters, excellent uniformity and reproducibility are obvious advantages of AAO-CNTs in comparison to the CNTs by conventional synthesis methods. On the other hand, the shortcomings of low efficiency and high cost make it difficult to realize mass production of CNTs by the AAO-template method. Therefore, AAO-CNTs can be ideal model material for investigating the nanosize effect of CNTs, and to explore the physical and chemical properties of foreign matters filled inside the nano test tube. In addition, the AAO-CNTs may also find applications in some specific areas such as drug delivery, magnetic delivery carrier, catalystsupport, electronic device, biosensor, etc. With improvement on the control of the crystallinity, diameter, and cap structure, the function and application of AAO-CNTs are hopefully to be expanded further. 
